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ABSTRACT

The issuance of forecasts in probabilistie terms introduces the problem of the measurement of the forecasting

skill which goes into the preparation of this type of forecast.
It ix shown that the skill score can be generalized to give

the evaluation of probability forecasts is investigated.

the amount of skill involved in the issuance of foreeasts at the various probability levels.

The applicability of the conventional skill score to

The conclusions reached

throw some light on the use of the skill score when applied to the conventional two-category type of forecast.

1. INTRODUCTION

In recent vears the concept has grown that forccasts
could be used more effectively il they were expressed in
terms of probability of cccurrence of the forecast event.
A forecast which verifies correctly in all aspects is the
exception, and the nature of the forecast problem requires
an explicit statement of the probabilities involved in
order to gain the greatest use from the forecasts.  Thomp-
son [1] has applied the principle of calculated risk to the
forccast problem and has shown how the cconomy of a
weather-dependent operation can be improved by taking
into account the probability of occurrence of the unfavor-
able weather event. A relationship of the form

;
P= )

is given by Thompson where P, is the decision probability
level, i.e., the level above which protective measures will
need to be taken in order to minimze loss, (7is the cost of
taking protective measures, and 7. is the resulting loss
if protective measures are not taken and the weather
event occurs. Thompson [2], in a study dealing with the
deficiencies of categorical forecasts, and Thompson and
Brier [3], developed further the relationship between
calculated risk and the usefulness of weather forecasts.

As a result of the growing interest in forecasts expressed
in probabilistic terms, the measurement of forecasting
skill exhibited by this type of forecast becomes of increas-
ing significance. An extension ol conventional methods
to the measurement of the skill ol probabilistic forccasts
is presented here.

2. THE MEASUREMENT OF FORECAST SKILL

For a verification index to measure the skill involved in
the preparation of a series of forecasts, the element of
chance success (or failure) must be removed from consid-
eration. The conventional skill score first proposed by

Heidke [4] and a modification and extension of this type
of score by Vernon [5] both take into account the chance
element with no additional factors. When only two
categories are being considered, the deviation score
proposed by Vernon is ecquivalent to the conventional
skill score.

The skill score is not to be confused with other types of
indices which measure the operational usefulness of
weather forecasts. However, to the extent that the basic
value of a forecast is dependent upon the skill involved
in its preparation, the skill score is of importance in
forecast evaluation,

EVALUATION OF SKILL USING TWO PROBABILITY CATEGORIES

A first approach to the verification ol probability fore-
casts in termns of skill can be made by considering pri-
marily a two-category classification. If the probability
of oceurrence is above a specified value, the forecast will
be counted as an “occurrence’”’ forecast and if the proba-
bility is below this value it will be counted as a “non-
occurrence” forecast. For better evaluation of the data,
they may be distributed in a contingency table in the form
given in table 1.

In this table the columns and rows headed W and NW
represent the occurrence and non-occurrence events, with
F, and F,, representing the total numbers of forecast
occurrences and non-occurrences and with O, and O,,
representing the total observed events. The numbers a

TagLg 1.—The general form of a contingency table for the evaluation
of forecasts involving two categories

Forecast
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and d represent the correct occurrence and non-occur-
rence forecasts and the numbers & and ¢ represent the
corresponding errors. 7' represents the total number of
forecasts.
A skill score of the form
C—F,

S=T—F @)

1s evaluated where (' is the number of correct forecasts,
E, the number of forecasts expected to be correct on

chance. From table 1,
C=a+d
and
A Ou Onw

which make up the numerator of the skill score. The
numerator may be rewritten as follows:

, 0. 0,

Ve o g—F 2= _F Yy, :

where the first term on the right deals only with the
occurrence forecasts and the second term with the non-
occurrence forecasts. It is of interest that the two terms
in parentheses are equivalent, thus

0N (4 One
<(5—Fw —T‘>—<(]"Fﬂu T (4)

It may then be concluded that the skill shown by a series
of forecasts Involving two categories is evenly divided
between occurrence and non-occurrence forecasts. As a
result, in evaluating probability forecasts which are classi-
fied into two categories, the forecasts which are placed
in the high probability category carry the same weight
in evaluating the skill as those appearing in the low
probability category. No distinction is possible hetween
forecasts issued at varying probability levels within the
two categories. In order to evaluate this skill, the fore-
casts must be broken down into additional categories.

EVALUATION OF SKILL USING TEN PROBABILITY CATEGORIES

In order for probability forecasts to be of greatest
value, a group of forecasts issued at a given probability
level must verify in nearly the same ratio as the expressed
probability. This feature of probability [orecasts has been
termed the reliability of the [orecasts, with perlect reli-
ability having been attained when forecasts issued for
the individual percentage probability categories are ob-
served to verify with the same percentages. With the
development of numerical procedures, it is likely that
the goal of perfect reliability can be closely approached.
In order to simplify the following discussion, it will be
assumed that essentially perfect reliability has been at-
tained. A series of probability forecasts can then be dis-
tributed in a contingency table made up of a given

MONTHLY WEATHER REVIEW

NovEMBER 1962

TaBLE 2.—The general form of a contingency table for the evaluation
of forecasts involving 10 categories

Yorecast
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L ‘ decision probahility level

number of categories, with the “hits” occurring in the
same ratio as the average probability for the individual
categories, Tabulating probability forecasts in 10 steps,
each with a 10 percent range, gives the generalized
contingency table shown in table 2.

In this table, P, is the average probability level of the
forecasts within the category, F; is the number of forecasts
issued at this level, @; and b; are the numbers of occur-
rences and non-occurrences in the sth column and a,
and b, are values of a; and b; in the columns adjacent to
the decision probability level. 0, 0,., and T are as pre-
viously defined. A more comprehensive evaluation of the
skill can be obtained by applying the skill score com-
putation technique to the data in a contingency table
of this form. Again the skill of the forecasts given in
the above contingency table can be expressed by means
of the conventional skill score as follows:

m 10 m Ow 10 s Onu)
L | 7 7% -
AS—‘ZV_EC T——iF Q@_lzo , Qﬂ (0)
T ST
The numerator may be written in the form
m , 0u> 10 Onw
3 (am b )+ (b1, ()

where the first term deals with the forecasts distributed
in the columns above the decision probability level and
the second term with the forecasts below this level.
Since Oy, 0,0, and T are constants (or any set of data, the
terms are functions of the three variables a;, b;, and Fi.
The contributions to the overall skill of the individual
columns depends upon a; and F; in the first terin and
b, and F; in the second term of (6). Here again the two
terms in (6) are equal to cach other as brought out in
equation (4).

Although the evaluation of the skill score as given in
(5) depends upon the denominator, the percentage contri-
bution of the individual columns to the overall skill can
be determined from the two [lactors making up the
numerator as given in (6). If the first factor is repre-
sented by M; and the second by N,, the percentage
contribution of the individual columns can be written:
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Percentage contribution of

the 7th column for values of X100 (7)
iranging from 1 through m ZJI +Z N

Percentage contribution of N,

the ¢th column for values of }= X100 (8)

ZM +ZN

¢ ranging from n through 10

The wvalues of (7) and (8) depend upon the distribution
over the 10 columns ol /', a;, and b;, and in addition on
the value of the decision probability level P, which affects
the denominator of the two expressions. Given a scries
of forecasts, the percentage contribution to the overall
skill of the forecasts at each probability level can be
determined.

As can be seen from (6), those columns for which a; is
less than 7,0,/T for the high probability forccasts and
b; is less than F,0,,/T for the low probability forecasts
contribute a negative factor to the overall skill. This
negative contribution results from the fact that the values
of @; and b; (the numbers of correct forccasts) are less
than would be expected to be correct on a chance basis.
If the decision probability level has a value equivalent to
the climatological expectancy, then a; and b; are alwavs
equal to or greater than chance expectancy. As the
decision probability level is shifted to higher (or lower)
values, the values of a; (or ;) in the columns involving
probabilities between P, and the climatological expectancy
become less than chance expectancy and a negative con-
tribution is introduced into the skill score. However,
because of other factors this does not mean that the skill
score has its greatest value when the decision probability
level is equal to the climatological expectancy. On the
other hand, this does indicate that the value of the skill
score obtained for a series of probability forecasts depends
on the value chosen for the decision probability level.
Since a choice of this probability level is inherent in the
preparation ol a forecast, whether expressed or wmplied,
it then becomes necessary for forecasts to be based on the

TABLE 4.—Percentage contribution to the overall skill of the forecasts occurring in each of 10 categories.
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TasLE 3.—Distribution of simulated forecasts in the 10 categories on
the assumption of uniform distribution of 250 occurrence cases

FOYOC?S.t T’l Fz Fz 1?4 ﬁs ﬁs ﬁ7 Fs 1_39 ?’10 Total
probability
@ [ 25 25 25 25 2 2 25 25 2% 2 250
Do 1 4 8 14 20 30 47 75 142 75 816
¥ 26 20 33 39 45 55 72 100 167 500 1066

same decision probability level in order for the calculated
skill scores to be comparable.

3. ILLUSTRATIVE EXAMPLE

The distribution of an actual series of forecasts in the 10
categories depends upon the climatology of the weather
event and upon the skill of the forecaster. For illustrative
purposes, the not unrealistic assumption will be made that
the occurrences have a-uniform distribution in the columns
(25 cases per column) with the non-occurrences taking on
the required value to give the correct percentage in each
column. The assumption gives the distribution shown in
table 3.

From relationships (7) and (8), the percentage contribu-
tion to the overall skill of the forecasts occurring in each
column can be computed for various values of the decision
probability level P,. For values P, of 20, 50, and 80
percent, the percentage contribution of the skill of each
column 1s indicated in table 4.

The assumed distribution of the forecasts results in a
climatological expectancy of 23.4 percent for the occur-
rence events. As seen in table 4, the percentage contribu-
tion of those forecasts in the columns falling between the
decision probability level and the climatological expect-
ancy is negative. Since it is impossible to conceive of
negative skill (less than complete absence of skill), the
negative value represents rather a misuse of the available
skill. Although it requires the same skill to issue a fore-
cast at the 75 percent level (column 3) regardless of the
value of the decision probability level, it is noted that the
contribution of the forecasts falling in this column changes
from +8.1 percent to —23.2 percent in going {rom P, = 20
percent to 80 percent. This change in sign results from
the fact that the forecasts issued at this probability level

The value S of the overall skill is given

in last column as oblained from equation (2)

Foroe‘«(xrs)z r;ér&k%?bllxty B, T Py 7, , 2 - Ps Py P 8
Pg=20_____._ ... . 8.9 8.5 &1 7.5 6.8 5.7 3.9 0.1 6.7 43.3 0. 46
Pa=50__ ... 11.1 10.7 10.1 9.4 8.4 —7.0 —4.8 -0.1 8.2 54.3 0.49
Pa=80.__ .. 25. 4 24,5 ~23.2 ~21.5 —19.4 —16.2 —11.1 —1.3 18.8 124.1 0.26
¥
Pa
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TABLE 5.—Percentage coniributions to 'the overall skill of 1 percenl
of the forecasts occurring in each of the 10 categories.

Forecast

probability r P P, P P P, P, P Py Py
(percent
Pa=20. ... | 3.6 3.0 26 21 1.6 0.4 0.y
Pa=50________.. | &2 6.9 59 48 37| —-25 —0.8 —0.1 0.9 2.0
Pa=R0_____.____ 110.3 86 4 —-7.4 —60 —46 —31 —1.7 —0.1 1.1 3.2

(75 percent) are occurrence forecasts, based on climatology
but by definition are non-occurrence forecasts based on the
decision probability level. The occurrence of negative
skill in the various columns leads to the paradox shown fcr
P, = 80 percent where the forecasts issued at the 5 percent
level (column 10) contribute 124 percent of the overall
skill. In order to avoid this type of inconsistency, a skill
score used to measure the skill of a series of probability
forecasts should be based on a standard value of the
probability decision level, preferably equal to the climato-
logical expectancy. Thisis approximately the case for the
data in table 4 for P, = 20 percent.

The number of forecasts in the wvarious columuns in
table 4 ranges {from 26 to 500. In order to evaulate the
skill required to issue one forecast at the different prob-
ability levels (assuming perfect reliability) the values
in table 4 need to be divided by the number of lorecasts
entered in each column. A somewhat more uselul value
can be obtained by determining the skill contributed by
1 percent of the forecasts. In table 5, percentage
contributions of 1 percent of the forecasts are given
for the several values of P,. As shown by the data in
table 5, approximately twice as much skill is required
to issue a forecast at the 95-percent level as at the 55-
percent level, and about four times as much as at the
5 percent level for the assumed [orecast distribution.
Less skill is required for probabilities near the climato-
logical expectancy and, as would be expected, no skill
is required at the 25-percent level which is close to the
climatological expectancy.
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4. CONCLUSIONS

Although the example given is based on an assumed
series of forecasts, the general aspects and conclusions
are valid for an actual series. These conclusions may
be summarized as follows:

1. Assuming “perfect reliability,” the percentage con-
tribution to the overall skill of the forecasts issued at
each probability level can be derived. This percentage
depends upon the distribution of ‘“hits” and “misses”
and the number of forecasts i1ssued at the various prob-
ability levels.

2. Negative skill is contributed by lorecasts issued at
the probability levels between the climatological expect-
ancy and the decision probability level and the value
of the computed skill varies with the choice of this level.
As a result, it is suggested that a skill score used for the
evaluation of probability [orecasts be based on the decision
probability level equal to the climatological expectancy.

3. The skill contributed by the forecasts issued above
the decision probability level is equivalent to that con-
tributed by those issued below this level.

4. Although not stated explicitly, the factors involved
in the measurement of skill of probability lorecasts also
enter into the measurement ol skill of the usual type of
two-category forecasts. In this latter case, the evaluation
of the skill depends upon the assumed decision probability
level which in many instances is not definitely stated.
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